The reactions Ba + a, --I Baa + a and Ba + CO 2 -> Baa + CO have been investigated using the method of laser-induced fluorescence to detect the Baa products. Excitation spectra of Baa produced under single-collision conditions in these reactions are reported, and initial rotational population distributions for Baa formed in the v =0 vibrational level are deduced. The Baa excitation spectrum from the reaction Ba + CO, shows clear band heads and rotationally resolved features which can all be assigned. By contrast, the Ba + a, excitation spectrum is markedly more complex since the band heads are missing and many high (v, J) levels are populated. The Baa rotational distributions for both reactions are found to be nonthermal, based on comparisons with simulated spectra. Estimates of the initial vibrational populations are also obtained. By extrapolation of the highest observed (v = 0, J) levels populated in the Ba + CO, reaction, the dissociation energy of Baa has been determined to be D 8 (Baa) = 133.5 ± 1.3 kcal/mole. Since molecular beam investigations have shown that the Ba + a, reaction proceeds through a long-lived collision complex, the experimental v = 0 rotational distributions have been compared with those calculated by phase space theory and transition state theory. The previous treatments of these statistical models have been extended to four-atom complexes. The results of the transition state theory reproduce the qualitative features of the experimental distributions, while the results of the phase space theory are in remarkable agreement with experiment. This strongly suggests that the dynamics of both reactions are governed by the formation of a long-lived collision complex.
I. INTRODUCTION
We report here the internal state distributions of the BaO products formed by the Ba+0 2 and Ba + CO 2 reactions under single-collision I conditions. These distributions are determined from laser-induced fluorescence excitation spectra. A preliminary report 1 on the Ba +0 2 reaction has already appeared. The present paper refines and also corrects the BaO distribution obtained from these earlier experiments since we have found that the previous experiments suffered significantly from colliSional relaxation of the internal states of the reaction products between the time of formation and detection.
A number of molecular beam scattering experiments have also been reported on the Ba + O 2 reaction. [2] [3] [4] While there is some disagreement on the angular distribution of the BaO product, the most recent experiment by Loesch and Herschbach 4 indicates that at initial relative kinetic energies of 2-17 kcal/mole the centerof-mass angular distribution shows approximately symmetrical forward-backward peaking. This implies that the collision complex is long-lived compared to its rotational period. The internal state distributions provide complementary information on Ba + O 2 and also yield information on Ba + CO 2 , for which no angular distribution measurements have been reported.
It appears that the best-studied example of a longlived collision complex is the reaction Cs + SF 6' Not surprisingly for this 8-atom complex, the translational,5 vibrational,6 and rotational 7 distributions are found to be well characterized by temperatures, indeed by nearly the same temperature. The reaction systems under study here are perhaps presently the best examples of long-lived complexes that have few degrees of freedom. By contrast, their internal state distributions show marked departures from a Boltzmann distribution. Consequently these distributions serve as a sensitive test of various statistical theories. We present here a comparison with the predictions of phase space theory and tranSition state theory, where we assume the entrance and exit channels are dominated by centrifugal barriers rather than activation barriers. We find that both theories predict distributions qualitatively similar to the experimental distribution but that the phase space theory agrees quite closely.
II. APPARATUS
A number of improvements have been made to the apparatus since the preliminary BaO spectra were reported.
1 First, differential pumping between the oven and scattering chambers has been increased. This improvement was necessary so that reasonable reagent gas pressures (::s 1 x 10-4 torr) could be used without caUSing appreciable collisional relaxation of the initial BaO internal state distribution by forming BaO molecules in the oven chamber and by allowing a number of secondary collisions associated with a longer effective path length. A new scattering chamber, an aluminum box 86 x 40 x 40 cm in dimenSion, has been constructed for this purpose. This chamber is evacuated by a Varian NRC VHS-6 oil diffusion pump (pumping speed 1600 liters/sec with baffle). The old reaction chamber, now used as the oven vacuum chamber, is attached to the end of the scattering chamber. The two chambers are isolated from each other by a bulkhead flange, which has a slit, O. 2x 2 cm in Size, through which the Ba beam passes.
A new Ba beam source has also been constructed. Light from the heater wires in the previous source was a large dc contribution to the photomultiplier signal and put a restrictive limit on the high voltage applied to the tube and hence limited the gain. The present source, similar in design to the alkali dimer source of Dagdigian and Wharton, 8 consists of a molybdenum crucible, 1. 9 cm in diameter and 8 cm long, which is placed inside a molybdenum heater tube, 2.5 cm in diameter and 17 cm long. Because of the large radiative area of the heater tube, its temperature is not appreciably higher than that of the crUCible, unlike that of heater wires. The Ba charge is maintained at a temperature of 1050 oK, corresponding to a Ba vapor pressure of 0.3 torr,9 while the source orifice (0.3 cm in diameter) is at 1200 OK (corrected pyrometer readings). The bulkhead flange separating the chambers is located 2.5 cm from the Ba source, and the laser excitation zone is located 6 cm from the flange.
BaO is produced by adding O 2 at pressures of :::: 1 x 10-4 torr in the scattering chamber while allowing the Ba beam to enter ("beam + gas" arrangement). The presence of O 2 is eSf;lentially uniform throughout the scattering chamber so that ionization gauge readings appropriately indicate the pressure in the reaction zone. In the present setup there is a small amount of leakage into the oven chamber; with a pressure of O 2 of 1 x 10-4 torr in the reaction chamber, the pressure rise in the oven chamber is 2X 10-6 torr (uncorrected ionization gauge readings). Nevertheless the BaO fluorescence signal disappears as soon as the O 2 gas is turned off. Thus, this indicates that a negligible fraction of BaO molecules originates from "oven reaction"l0 in the oven vacuum chamber.
The fluorescence excitation and detection equipment are very similar to that used in preVious experiments.
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The earlier runs employed the pulsed dye laser system previously described, in which an Avco C950 nitrogen laser (100 kW peak power) pumps an Avco dye module (10 pps). It was necessary to shield the nitrogen laser because of rf interference. The dye module was modified, as described previously. With an Oriel 20X intracavity beam expanding telescope, we achieved bandwidths of 0.5 A. Wavelength scans of the laser were performed USing a variable-speed clock motor. In later runs the nitrogen laser and dye module employed were the Molectron UV -300 nitrogen laser (300 kW peak power) and the DL-200 dye module (20 pps). Once again, it was necessary to shield extensively the nitrogen laser in order to minimize rf pickup. Also the same motor drive was employed.
The dyes used (solutions in ethanol) with the Avco system were brilliant sulphaflavine (5150-5500 A), rhodamine 6G (5700-5900 A), rhodamine B (5975-6150 A), and 7 -diethylamino-4-methylcoumarin (4500-4800 A). With the Molectron system, the dyes used were fluoral 7GA 12 (GAF Corporation), which was recrystallized in ethanol (5300-5600 A), and CSA_22 13 (5100-5400 A). It was necessary to add 7-diethylamino-4-methylcoumarin to both dyes to maximize laser power; the bandWidths with both dyes were about 0.3 A.
Full laser power is employed because of the low intenSity of the BaO fluorescence signals. Consequently, no studies of the effect of optical pumping have been made, as done in previous experiments. Optical pumping is expected to affect the relative intensities of vibrational bands if the Franck-Condon factors are markedly different but not to alter appreciably rotational line intensities in a given band.
It is possible with the present reaction chamber to move the photomultiplier (RCA 7265, S-20 photocathode) much closer to the laser excitation zone than in previous experiments. 11 With the photomultiplier 5 cm from the excitation zone, about 5% of the fluorescence strikes the photocathode and hence the collection efficiency is a factor of 10 greater than before. A PAR model 160 boxcar integrator is used to amplify and average the fluorescence Signals. Since the radiative lifetime of the A state of BaO is about 350 nsec, 1,14 a gate width of 1 tJ.sec is used. The gate is opened just before the beginning of the laser pulse since it is found that scattered laser light is not an appreciable fraction of the observed signal. The fluorescence is not spectrally resolved.
III. RESI,JLTS
The BaO reaction product is detected using laser-induced fluorescence of the A IE' -XlE' band system. Figures 1 through 4 show typical scans of BaO fluorescence as a function of laser wavelength (excitation spectra) for the reactions Ba+O z and Ba+CO z • Because of the complexity of these spectra, we choose to concentrate our attention on the form of the rotational distribution of the v" = 0 vibrational level. Consequently, the most convenient bands proved to be the (4,0) and (5,0) because they have the least interference from overlapping v" *0 bands and from the intense Ba resonance line at 5535 A. First we review briefly the derivation of relative rotational populations from excitation spectra. Then we apply these formulas to the Ba + C~ reaction and then to the Ba + O 2 reaction since the spectrum of the former is much less complicated.
The fluorescent line intensity ltv' J' ;v" J") (energy / sec) corresponding to excitation from the lower (v", J") vibration-rotation level to the upper (v', J') level is given in the Born-Oppenheimer approximation by ltv' J'; v" J") = k{N., v" J")]q., .., .. xS.1'.1, , /(2J" + In Lv!, ., q", , , p(A, , , , , ) ,
"
is the laser energy density (energy/cm 3 ) at the wavelength X(v' J'; v" J") of the v" J" -v' J' transition, q and v are the Franck-Condon factor 15 and frequency, respectively, for the vibrational band denoted by the subscripts, S.1'.1" is the line strength l6 for the J" -J' transition, F(x v ' v ) is the (energy) sensitivity of the photomultiplier at the wavelength Av'v of the (v',v) band, and k is a proportionality constant which includes geometric factors and the assumed constant 17 electronic transition moment. In Eq. (1), the term in braces represents the absorption process, while the summation accounts for the emission branches, For a IE' _IE' band system, the only nonzero values for S.1'.1-are J" + 1 if J1 = J" + 1 (R branch) and J" if J' = J" -1 (p branch). While it is known 18 that the upper A IE' state of BaO is electronically perturbed, Eq. (1) is sufficiently accurate for rotational lines far from the perturbations. It is possible, in principle, to obtain the rotational distribution in a given v" level from the line intensities of either the R or the P series. We note from Eq. (1) that to a good approximation,
1 2 for large J, that is, the ratio of intensities of either P or R lines, respectively, in some band gives directly the ratio of the populations of rotational states in the same v" level. Moreover, Eq. (2) permits a simple experimental check in that the populations obtained from corresponding P and R series should agree.
A. The Sa + CO 2 reaction
Af3 can be seen in Figs. 1 and 2 , the BaO excitation spectrum from this reaction is fairly simple. It is possible to assign virtually all observed rotational lines using the published spectroscopic data of Lagerqvist, Lind, and Barrow. 18 Only low v" levels and moderate J" states are Significantly populated. Band heads (J head -5) are .clearly discernible although they are not sharp.
Because It is found that the v" = 0 rotational distribution can be fit moderately well with a Boltzmann distribution. A value for the rotational temperature of Trot = 2000 ± 300 oK is obtained, where the error estimate is derived from the estimated experimental uncertainties in the fluorescence intensity. The simulated spectrum for a region centered about the (4,0) band head using Trot = 2000 oK, as well as the derived rotational population distribution, is presented in Fig. 5 . The representation of the true distribution by a Boltzmann form has the necessary shortcoming that such a form has a highenergy tail which extends beyond the exoergicity limit. Rather than assuming some functional form for the rotational population distribution, we choose to determine a numerical distribution by fitting the data (peak heights above the fluorescence background) in a leastsquares manner with appropriate constraints to a calculated spectrum. In the least-squares analysis, we allow the population of every 10th J value to vary freely with the constraint that the other populations be determined by linear interpolation. In addition, we constrain the end points by forcing the low J populations to be proportional to 2J+ 1 (see Appendix A) and by terminating the high J populations at the exoergicity limit.22 The free parameters are then determined in a leastsquares manners by minimizing the squares of the deviations between the experimental and calculated intensities at given wavelengths in the excitation spectrum. Figure 6 presents the derived v" = 0 rotational distribution for the Ba + C~ reaction, obtained from the least-squares fit of the (5,0) band. For this distribution the average deviation between the experimental and calculated excitation spectra is 15% for 110 pOints (wavelengths). The form of this distribution is not smooth; the possible reasons for this behavior may be (1) the uncertainties in the experimental fluorescence intensities, (2) underlying spectral features from bands not included in the analysis, (3) the inadequacy of the assumed laser bandwidth function, (4) the inadequacy of the assumed "interpolation between J populations, or (5) the preferential population of certain rotational levels by the reaction. Nevertheless, the derived distribution shows a falloff at high J levels which cannot be reproduced by a Boltzmann form. We note that the v" = 1 and 2 rotational distributions are similar in shape to that presented in Fig Even though lines for J" > 110 cannot be assigned, it is still possible to get information about the populations of very high J* levels. As seen in Fig. 7 , the intensities of the (5,0) lines to the blue of the (4,0) head show fluctuations much larger than the expected statistical variations; data from Ba + CO 2 have been included which may have significant intenSity in this region are the (7, 1) and (8, 1) bands, but these would be expected to be about a factor of 2 weaker than the (6,0) band. Figure 8 shows computer-generated spectra of the (4,0) and (5,0) bands with [ Fig. 8 The spectrum in Fig. 8(b) shows a clear onset at the (4,0) band head, while that in Fig. 8(a) and the experimental spectrum in Fig. 4 strongly suggests the presence of the (6,0) band. With this assumption, we calculate the population ratio of (5,0) to (6,0) lines from the intensity fluctuations seen in the experimental spectrum [ Fig. 7(b) ]. We find the population ratio N125/N90 to be 1 ± 0.3, where we have neglected the contribution from other overlapping bands. We are not able to obtain the vibrational distribution from the low-pressure spectra. At higher O 2 pressures, band heads appear because of collisional relaxation of the rotational distribution. We can use the height of these band heads as a measure of the vibrational band intensities and hence vibrational population, if several reasonable assumptions are made: (1) there is no collisional vibrational relaxation; (2) the rotational distributions do not vary much with v"; and (3) rotational relaxation is the same in all v" levels. Using data taken at an O 2 pressure of -8 x 10-4 torr (approximately From the Ba + CO z reaction it is possible to set a lower bound to the BaO dissociation energy, Dg(BaO), by identifying the highest rotational level J mu of tqe v = 0 level populated in the reaction. (For simplicity we omit from here on double primes to designate ground state quantum numbers.) From a knowledge of Dg(CO-0)= 125.7 ±0.1 kcal/mole 26 and an estimate of the thermal energy of the reactants, we can obtain from e-nergy conservation a lower bound.
where E!r3lJS is the average translational energy of the reactants (in the center-of-mass system) and Eint(CO Z ) is the average internal energy of CO z . The value of Dg(BaO) given by Eq. (3) is a lower bound because the internal energy of the product CO, Eint(CO), andlthe relative translational energy of the products, E{r3lJS' have been neglected. Figure 1 shows the presence of the (5,0) R(95) line, and hence the highest Jlevel observed is 95. It is likely that even higher J levels are produced in this reaction, although with decreasing populations. In Fig. 10 we have plotted the individual intensities of resolved rotationallines in the (5,0) band as a function of J. As can be seen from Eq. (2), these intensities are proportional to populations. A linear extrapolation of the intensities as a function of J yields the limit J mU = 105 ± 4. The value is also consistent with an extrapolation using Fig. 
7(a).
We caiculate Z7 E;r3J1f3 by taking a 90° intersection angle between the most probable velocities vmp of the reac- tants. The Ba beam is assumed to be effusive, so that We believe this lower bound is actually an equality to within the stated error. The method of extrapolation compensates for the neglect of Eint(CO) and E{r3J1f3 by assuming that the rotational populations vs J are well represented by a linear function near the exoergicity limit. A justification for this assumption is that a phase space calculation for the reaction Ba + CO z displays this behavior (see Sec. IVB). Consequently, we conclude that Dg(BaO) = 133. 5± 1. 3 kcal/mole .
It is reassuring that a previous study 29 yielded the lower limit Dg(BaO) 2': 131. 5 kcal/mole, based on the observation of the highest BaO* state populated in the chemiluminescent reaction Ba + NO z . It is also encouraging to note that dissociation energies derived from chemiluminescence and laser-induced fluorescence studies have been found to be in substantial agreement for the case of Dg(AlO) as well. 27 Using the value of Dg(BaO) given in Eq. (4), we present in Table I a summary of the energetiCS for the Ba +Oz and Ba + CO 2 reactions. Here, E tot and E:O t denote, respectively, the total energy of the reactants and the products. The spread in the product energy E:ot caused 
IV. DISCUSSION OF INTERNAL STATE DISTRIBUTIONS

A. Gross features
The present results on the Ba + O 2 reaction show that at least two-thirds of the available energy E{"t appears as BaO internal excitation. The most striking feature is the amount of energy found in product rotation. Fully one-half of E:"t is funneled into rotation for molecules produced in the v = 0 level, and we estimate that about one-third of E:"t results in rotation when all v levels are considered. The preliminary repore on Ba+02 considerably underestimated the amount of BaO rotational excitation because of the efficient collisional rotational relaxation of BaO by the O 2 gas in the scattering chamber. We may estimate an average rotational relaxation cross section a from a knowledge of the density n of O 2 at which relaxation of BaO becomes evident in the excitation spectrum. Taking n equal to 3x 10 12 molecules/ cm 3 (10-4 torr), and taking an upper limit to the path length 1 of the gas to be 6 cm (the distance from the bulkhead flange between the oven and scattering chambers to the laser excitation zone), we find a?: 50 A2. Here we have set nal equal to 0.1 as the limit to observability of relaxation in the excitation spectrum. This value for a is a lower limit since we have assumed all BaO molecules are fomed at the bulkhead flange and travel a distance 1 before being detected. The large magnitude of a is indicative of the large BaO dipole momenfo (Mo = 7.954 D) which allows efficient rotational relaxation.
Comparison of the present vibrational distribution with that previously reported suggests that the early experiments may have also suffered some Vibrational relaxation. However, the probable errors in the present distribution are quite large. The average vibrational energy is on the order of one-third of E:"t, as previously suggested. 1 A caveat must be included with all our deductions about the BaO internal state distribution. Laser-induced fluorescence measures the density of molecules in a particular (v, J) state. However, cross sections are related to fluxes. In the previously studied reaction systems, 11 all the molecules had about the same laboratory velocity Vlab' and the conversion of densities to fluxes was trivial. However, for the present reactions, the BaO laboratory velocities VUb may vary greatly with (v, J) state since the center-of-mass velocity of BaO is comparable to V em ' the velocity of the center-of-mass. For Ba+0 2 , however, we may use the angular distribution data of Loesch and Herschbach 4 to set limits on the variation of Vlab' Since they find the total BaO distribution peaks at 0° and 180° and that both peaks have about equal intensity. It is found that Vlab decreases by about 6% as v goes from 0 to 8 for J= O.
Similar ly, for v = 0 the same estimate obtains as J goes from 0 to 120. The actual variation of VIab could be greater but is probably not significantly larger than our 10-20% experimental uncertainties. Finally, we note that if BaO from Ba + CO 2 is also assumed to scatter entirely to 0 0 and 180 0, then possible variation of V lab is about identical to that for Ba+0 2 • The present results on the BaO product state distribution can be improved considerably. For Ba + O 2 , we have succeeded only in obtaining the qualitative shape of the v = 0 rotational distribution and a very rough vibrational distribution. The Ba + O 2 excitation spectrum has turned out to be a pathological case for product state analysis by the method of laser-induced fluorescence because very high rotational levels are populated and the A state perturbations prevent extrapolation to the high (v, J) line positions, for which high resolution spectroscopic data are lacking. The analysis of the spectrum would be greatly aided by further spectroscopic study of the BaO A-X system. Furthermore, the facile BaO rotational relaxation puts a premium on efficient Signal collection because of the low pressures of reagent gas required. The problem of small signals is compounded by the fact that the BaO spectrum spreads over -2000 A, and hence scans over large spectral regions are required. Nevertheless, the present results on Ba + O 2 provide useful information complementary to the molecular beam results. The Ba + C~ spectrum is Simpler, and hence we have obtained more quantitative data on this BaO distribution. However, we can look forward to refinements in the product state analysiS of both reactions in the future.
B. Comparison of phase space and transition state theories with experiment
Loesch and Herschbach,4 based on their angular and recoil velocity distributions, have concluded that the Ba + O 2 reaction proceeds through a long -lived complex and that the available energy is partitioned among the various modes "statistically." Accordingly, these findings have led us to compare the experimentally determined BaO internal state distributions for both Ba +0 2 and Ba+C~ with two statistical models.
In the quantum mechanical formulation of phase space theory,30 it is assumed that the dissociation of the collision complex depends only on the dynamical quantities (energy, total angular momentum, and its projection) conserved in the complex and not on the initial state from which the complex is formed. Moreover, the probability of breakup of the complex to any state of given energy and angular momentum is assumed to be a priori equal. Consequently, phase space theory merely requires one to count the number of states accessible to the complex under the conservation of total energy and angular momentum. Even for reactions with no activation energy, the existence of centrifugal barriers in the entrance and exit channels limits the number of states accessible and causes the internal state distribution to differ to some extent from a Boltzmann distribution, as would be the (unphysical) case for no barriers.
We have assumed that the reactions Ba+0 2 and Ba + CO 2 do not have activation barriers and that the longrange part of their interaction potentials is governed by a van der Waals term of the form V(r) = -C U j)r-6 for both the entrance and exit Channels. The CIS) constants are estimated as the sum of a Slater-Kirkwood dispersion term 31 (induced dipole-induced dipole) and an induction term 32 (dipole-induced dipole), and the results are listed in Table II . The Keesom alignment term 33 (dipole-dipole) for the exit channel BaO + CO is neglected because of the small magnitude of the CO dipole moment. For a 3-atom complex (Ba+0 2 ), internal state distributions are calculated using Eq. (6b) of Pechukas, Light, and Rankin 30 ; for a 4-atom complex (Ba+C~), an extension of the formalism of Pechukas et al. is developed (see Appendix A) and applied. The reactants O 2 and CO 2 are treated as 1~+ molecules with no nuclear spin statistics; this' approximation is justified for these calculations tions because the number of reactant states accessible to the complex is small compared to that of the product states so that the total number of accessible states for a complex at a given energy and angular momentum is negligibly overestimated. For both systems, the reactants are assumed to be in their lowest internal states, and the initial relative translational energies are set equal to the values of E tot in Table I . It is found that the calculated internal states distributions are insignificantly altered if, instead, the most probable J values for 300 OK O 2 and CO 2 are used with a corresponding decrease in the relative tranlational energy. We have used the value of Dg(BaO) given in Eq. (4) to calculate reaction exothermicities. Finally, we note that we have made the additional assumption that Ba + O 2 and Ba + CO 2 react only to yield neutral products. 34 28, 427 (1958) . Figure 11 presents the BaO product vibrational distributions calculated by phase space theory. For Ba + CO 2 , the rapid falloff of vibrational population with increasing v matches rather closely the observed population ratios. The more gradual falloff from the reaction Ba+02 also agrees within the large experimental uncertainties with observation. It should be noted that the calculated vibrational distribution for Ba + C~ is well characterized by a temperature, whereas the distribution for Ba+02 falls off too slowly to be described satisfactorily by a Vibrational temperature. This nonthermal distribution from a statistical theory happens quite often for complexes having few degrees of freedom, which cannot be regarded as infinite "heat baths." This fact becomes even more striking when we consider rotational distributions.
Figures 12(a) and 12(b) illustrate the phase space calculations of the relative rotational populations for v=O BaO molecules formed by Ba+C0 2 and Ba+0 2 , respectively. Comparison of Fig. 12(a) with the experimentally derived distribution in Fig. 6 for Ba + CO 2 and comparison of Fig. 12(b) with Fig. 9 for Ba+0 2 show that phase space calculations are in rather remarkable agreement with experiment. As mentioned previously, the phase space calculations show that the relative rotational populations for low J values are proportional to 2J+ 1, and this behavior is shown in Appendix A to be rather general. The distributions in both Figs. 12(a) and 12(b) cannot be characterized by a rotational temperature. This is particularly pronounced for the reaction Ba + O 2 and helps to explain the lack of band heads in the experimental excitation spectrum.
We conclude that the BaO internal state distributions for both the reactions Ba + O 2 and Ba + CO 2 follow closely the predictions of phase space calculations. Moreover, the BaO internal state distribution from Ba+Oz is consistent with the interpretation of Loesch and Herschbach 4 that this reaction proceeds through a persistent complex. While no molecular beam study of Ba + CO z has been reported, our results strongly suggest that it also involves a persistent complex. It must be realized, however, that phase space theory does not make any assumptions about the lifetime of the collision complex. Although neither angular distribution studies nor internal state distribution studies, taken alone, can provide a complete picture of the reaction dynamics, we are very fortunate here to be able to use the data of Loesch and Herschbach to sharpen our understanding of these reactions.
Another statistical model which has enjoyed considerable success for the calculation of product translational energy distributions resulting from the decay of collision complexes formed in bimolecular reactions is the transition state theory of Safron, Weinstein, Herschbach, and Tully. 35 This model is inspired by the RRKM theory of unimolecular decomposition 36 and, as in the phase space theory, the reactions are assumed to have no activation barriers but rather centrifugal barriers in the entrance and exit channels. In addition, the calculations are simplified by assuming that (1) the initial and final orbital angular momenta equal the total angular momentum (the internal angular momenta are assumed to be negligible) and (2) the rate of dissociation of the complex into the products need not be normalized for dissociation of the complex back to the reactants.
Safron has presented formulas in his thesis 37 for the internal state distributions for 3-atom complexes, using classical energy level densities (see Appendix B). We have extended his treatment in Appendix B to 4-atom complexes. Two major types of complexes may be distinguished: (1) a "loose" complex, in which the subunits (incipient products) are free to rotate; and (2) a "tight" complex, in which the free rotations of the subunits are considered to be bending modes of the complex. In addition, "tight" complexes may be subdivided into "linear" and "nonlinear", depending on their geometry. As Marcus 38 has pointed out, "tight" complexes imply that there are strong interactions between the incipient products as the complex breaks up. In the present treatment, it is assumed that the modes of the complex can be put into a one-to-one correspondence with the modes of the products.
Using the van der Waals constants listed in Table II , we have applied this transition state theory to calculate the relative rotational populations of BaO products in the v=O level for Ba+CO z [Fig. 12(c») and Ba+Oz [Fig. 12(d») . These calculations have been performed for Ba+O z using a "loose" complex (solid line) and "tight" linear (dot-dashed line) and nonlinear (dashed line) complexes; for Ba + CO z a "loose" complex (solid line), a "tight" linear complex (dof-dashed line), and a "tight" nonlinear complex with two different allocations of the modes of the complex between inCipient BaO and CO (dashed and dotted lines) are calculated. Comparison of transition state theory with phase space theory calculations shows that in all cases the two statistical theories yield significantly different distributions. The "tight" complexes fail to show the correct low J dependence, while the "loose" complexes fall too rapidly at high J. Safron et al. 35 have claimed that their transition state theory for a "loose" complex can be derived with equivalent assumptions from phase space theory. Nevertheless we find significant differences between the phase space theory and the "loose" complex transition state theory calculations for the present reactions. Possible sources for these differing results are assumptions (1) and (2) made by Safron et al. in their transition state theory but which were not made in the phase space theory. Since the present reactions are fairly exothermic, assumption (2) concerning back reaction is well satisfied, while assumption (1) concerning the relative magnitudes of the initial and final orbital angular momenta is suspect.
It is to be emphasized that the transition state theory of Safron et al. was not developed primarily for the calculation of detailed internal state distributions. Moreover, it is striking how well this Simple theory reproduces the gross features of the experimental distribubution, as well as those of the phase space theory. Nonetheless, these calculations indicate that some future modifications of the transition state theory will be required to predict detailed internal state distributions, at least for complexes with few degrees of freedom. Table III ). In (d), the solid line represents the results for a "loose" complex, and the dot-dashed and dashed lines represent a "tight" linear and a "tight" nonlinear complex, respectively.
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APPENDIX A. PHASE SPACE THEORY
We first summarize the results obtained by Pechukas, Light, and Rankin 30 for a 3-atom complex; then we extend their treatment to a 4-atom complex. Finally we prove that the cross section is proportional to 2J + 1 for low J. We follow the notation of Pechukas et al.
For the reaction A+BC-AB+C, the cross section a (n" M" E,; nil M i , E i ) for formation of product molecules in a final vibration-rotation level (n" M,) with a final relative translational energy E, from reactants in an initial (ni' M i ) level at an initial relative translational energy Ei == E, -Q'i' where Q,; is the exothermicity, is given by Eq. (6b) of Pechukas et al.: Let the subscripts i, fl, and f2 denote, respectively, the molecules BCD, AB, and CD, and let ni denote the set (VI' V~, v 3 ) which specifies the vibrational level of BCD, assumed to be a linear molecule. Then in a derivation entirely analogous to Eq. (A1), we find The internal state distribution for molecule AB is then obtained by summing over the possible states of CD for a given state of AB:
The evaluation of the probability P(n fl , M fl , n'2, Mj2, L" E,; E T , K, K z ) that a 4-atom complex dissociates to a particular accessible state is considerably more tedious. As before, we have However, the total number of accessible states N(E T> K, K z ) of the complex is now given by
The terms in the sum over n i in Eq. (A6) are computed in the same manner as Pechukas et aZ. (see their Fig.  1 ). The terms in the sums over n'l and n'2 require a more complex algorithm for their evaluation. Figure  13 illustrates the computation of one term. Here n(n'l' n'2; E T , K, K.), which represents the number of states of the reaction products in the vibrational levels nil and n'2 accessible from (E T , K, K z ) , is the number of integer lattice pOints within or on the edge of the volume in
Equations (A3) through (A 7) give the prescription for calculating according to phase space theory the AB product state distribution for the reaction A + BCD -AB + CD. In the above, we treated the BCD as linear, but the generalization to a bent triatomic requires only taking account of the extra rotational degrees of freedom. The extension of phase space theory to complexes with 5 atoms or more is straightforward. However, the computational effort grows rapidly. Hence, we find for the 3-atom complex
where k and k' are proportionality constants. The same considerations, when applied to a four-atom complex, lead to the same result. This conclusion that the cross section is proportional to 2 J + 1 for low J values is not restricted 39 to phase space theory although it does require that many J levels of the products be accessible.
APPENDIX B. TRANSITION STATE THEORY
We review the calculation of rotational distributions using the transition state theory of Safron, Weinstein, Herschbach, and Tully. 35 The results for 3-atom complexes have been obtained previously by Safron in his thesis, 37 and we list them here for reference. Finally, FIG. 13 . Region of summation in (L"M f j, Mf2) space for i 'i(nfj, nf2; ET, K, K.) occurring in Eq. (A6). For clarity, some of the lattice points have been omitted. Note that for fixed Mf2 the region of summation over the plane in (Lf' MfI) space is, in general, a figure having five straight-line interior segments and a curve defining the exterior.
we extend the transition state theory to the calculation of rotational distributions of diatomic products from 4-atom complexes.
We follow the notation of Safron et al., 
and k is a proportionality constant. The relative rotational populations are then
Equation (B1) is similar to Eq. (V-57) in Safron's thesis. 37 For 3-atom complexes, it would appear that P T (W;) represents the rotational energy distribution for molecules formed in the v = 0 level, as well. For 4-atom complexes, the v = 0 rotational energy distribution requires that W: be replaced by W* in Eq. (B1), where W* is the total state function for modes other than those in NT, the reaction coordinate, and the mode that becomes product vibration.
Let v and r denote, respectively, the number of vibrational modes excluding the reaction coordinate and the number of "active"36 rotational modes at the transition state. These degrees of freedom are divided into two groups, those which become product rotation (NT) and those which become other internal degrees of freedom of the products (W:). Table III lists values of v and r and the partitioning of these modes between N r and W: for "tight" linear, "tight" nonlinear and "loose" 3-atom and 4-atom complexes. The partitioning between NT and W: for a 3-atom complex is unambiguous. However; the choices for a 4-atom complex is not as clearcut. In all cases, the six degrees of freedom of the complex evolve into the vibrational modes of the diatomics (two modes) and two rotational modes of each diatomic (four modes in all). Since it is unlikely that rotational modes of the complex evolve into product vibration, two out of the v vibrational modes are allocated to W~. This restriction fixes the allocation of modes for "tight" linear and "loose" complexes. However, as can be seen in Table III , there are two possible ways of dividing the modes for a "tight" nonlinear complex.
Explicit formulas for the rotational energy distributions from a 3-atom complex may be derived from Eq. (B11, using classical energy level densities. 40 With the help of Table III, we find:
1. "Tight" linear complex. Other product modes (w~) 
Previously Eqs. (B3) and (B4) have been derived by Safron. 37 For Ba + O 2 , we have found by comparison of P T(W:) calculated using quantum level densities 40 that the use of classical energy level densities does not significantly affect the rotational distributions. This is to be expected since the zero point energies of the reactants, complex, and products are small compared to 8'.
Finally we calculate the rotational distribution for one of the two diatomic molecules formed from a 4-atom complex [see Eq. (A2)]. Using classical energy level densities in Eq. (B1), we find with the help of 3. "Loose" complex. 
The formula for a "tight" linear complex has not been given above since it can be simply obtained from Eq.
(B6) by dividing by W: 1/2. The Gauss hypergeometric function in Eq. (B7) can be evaluated numerically by using an integral representation 41 so that Figure 12 has been calculated using the above results.
If W* had been used in place of wt in Eq. (B1), as would be more appropriate, Fig. 12 is expected to be essentially unaffected. While the formulas for transition state theory presented in Eqs. (B3) through (B8) involve more approximations than those of phase space theory (Appendix A), the present rotational distributions have the particular virtue of being simple to compute. Moreover, as found in this study, they have the qualitative features of the experimental distributions.
